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Ab initio based kinetic Monte Carlo analysis to
unravel the propagation kinetics in vinyl acetate
pulsed laser polymerization†
Gilles B. Desmet, ‡a Yoshi W. Marien,‡a Paul H. M. Van Steenberge, a
Dagmar R. D’hooge, a,b Marie-Françoise Reyniers *a and Guy B. Marina
The radical propagation kinetics of vinyl acetate (VAc) in pulsed laser polymerization (PLP) is studied by
combining ab initio calculated rate coeﬃcients for propagation of head, tail and mid-chain radicals, and
backbiting reactions with kinetic Monte Carlo modeling of PLP spectra. The intriguing laser pulse fre-
quency dependency of the propagation kinetics is shown to be mainly caused by the formation of stabil-
ized mid-chain radicals via backbiting of tail radicals, originating from head-to-head propagation. These
mid-chain radicals are approximately 35 times less reactive towards propagation at 323 K which, in agree-
ment with experimental observations, results in a 15% increase of the observed propagation rate coeﬃ-
cient if the laser pulse frequency is increased from low (25–100 s−1) to high (300–500 s−1) values. Under
typical PLP conditions, only tail radicals are reactive towards backbiting while this reaction is energetically
unfavorable for head radicals. Tail-to-tail propagation of the radicals formed by head-to-head propa-
gation is not suﬃciently slow to fully explain the observed frequency dependence. The eﬀect of chain
length dependent propagation remains limited but can no longer be neglected at frequencies above
500 s−1.
Introduction
Pulsed laser polymerization (PLP)1–5 combined with analysis
of the resulting size exclusion chromatography (SEC) trace
has proven a valuable tool to determine the propagation rate
coeﬃcient kp for chain growth in radical polymerization. In
this technique, photoinitiator radicals are generated by apply-
ing laser pulses with a frequency ν to a mixture of monomer
and photoinitiator. Part of the initiator radicals start polymer-
ization and propagate until they are terminated mainly by
fresh radicals generated at a next pulse. If termination of rad-
icals in between pulses is not complete (Fig. 1; left), the time
interval between their generation and the jth pulse, jΔt, deter-
mines their chain length. Under well-defined conditions
these chain lengths correspond to the location of the (low
molar mass side) inflection points of the SEC trace, Lj (Fig. 1;
right):
Lj ¼ kp½M0ð jΔtÞ ð1Þ
with [M]0 the initial monomer concentration, which can be
used in a good approximation since monomer conversion is
limited in PLP (<5 mol%).
Fig. 1 Illustration of the determination of the propagation rate coeﬃ-
cient kp from PLP-SEC. Left: radical concentration proﬁle focusing on
the ﬁrst ﬁve dark periods; right: the corresponding size exclusion
chromatography trace (full black line) obtained at the end of the PLP
experiment. The propagation rate coeﬃcient kp is determined from the
location of the inﬂection points (black dots) of the SEC trace. The inﬂec-
tion points are identiﬁed via the maxima of the corresponding derivative
(dashed red line).
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For vinyl acetate (VAc), however, the regular chain growth
via head-to-tail propagation can be disturbed by the occur-
rence of side reactions, which complicates the study of VAc
propagation kinetics. Several research groups6–9 have studied
the radical propagation kinetics of vinyl acetate, as summar-
ized in a recent IUPAC publication.10 Using the PLP-SEC tech-
nique, the observed propagation rate coeﬃcient, kobsp , that
characterizes the mixed propagation behavior of the various
radical types has been determined at various temperatures
from the location of the first inflection point L1 in the PLP-SEC
trace:
kobsp ¼
L1
½M0Δt
ð2Þ
As demonstrated by Drawe et al.,11 the identification of L1
in eqn (2) with the location of the first inflection point is most
accurate under conditions away from the so-called high ter-
mination rate limit (HTRL), in which a very large fraction of
the radicals terminate between pulses.12,13 Depending on the
monomer and the experimental characteristics (e.g. the degree
of SEC broadening) using the location of the peak maximum
might be more accurate towards this limit, as for example
demonstrated by Sarnecki and Schweer.14
An intriguing feature of the PLP of VAc is that a systematic
increase of approximately 15% in kobsp is observed at 323 K if
the laser pulse frequency is increased from low (25–100 s−1) to
high (300–500 s−1) values. To explain this pulse frequency
dependency, a number of hypotheses have been put forward:10
(i) a shift away from the HTRL, (ii) intrinsic chain-length
dependent propagation (CLD-P), (iii) the occurrence of head-
to-head propagation next to conventional head-to-tail propa-
gation (Fig. 2), and (iv) intramolecular chain transfer to
polymer or backbiting.
While PLP-SEC is the method of choice for determining
propagation rate coeﬃcients, it does not allow a straight-
forward experimental discrimination between the various
hypotheses. Analytical techniques such as nuclear magnetic
resonance (NMR) and electron paramagnetic resonance (EPR)
spectroscopy have therefore been used to evaluate the impor-
tance of side reactions.9,15–19 Tail radicals and MCRs could not
be detected via EPR in a study of Kattner and Buback,9 while
in NMR studies contradictory findings regarding the impor-
tance of backbiting have been reported.15–19 It should however
be noted that for VAc radical polymerization, the analysis of
NMR and EPR spectra is significantly complicated due to the
occurrence of head-to-head propagation, possibly leading to
low concentrations of tail and mid-chain radicals that could be
close to the detection limits.
An interesting alternative approach is ab initio based
kinetic modeling,20,21 especially for a complicated reaction
mechanism involving many side reactions, as in the case of
VAc radical polymerization. Instead of the a posteriori examin-
ation of possible explanations for experimental observations,
this computational approach does not depend on any mechan-
istic assumptions and provides a particularly valuable and
complementary tool to experimental studies.21,22
In the present work, Arrhenius parameters for the propa-
gation of head, tail and mid-chain radicals, and backbiting
reactions involved in the chain growth of VAc are obtained
from ab initio calculations. Novel insights are formulated with
respect to the occurrence of these reactions. The calculated
rate coeﬃcients are combined with a kinetic Monte Carlo
(kMC) PLP model to evaluate each of the above hypotheses
and to obtain a detailed mechanistic insight in the propa-
gation kinetics of VAc radical polymerization.
Methods
Ab initio calculations
Electronic structure calculations were performed using the
Gaussian-09 package.23 Truncated oligomer model reactions
(see section S1 in the ESI†) were chosen to represent the
macromolecular analogues:24 (i) a dimer model for the propa-
gation of head and tail end-chain radicals, (ii) a trimer model
for 1–5 intramolecular chain transfer, and (iii) a trimer +
methyl model for the propagation of mid-chain radicals.
Minimum energy conformations were determined at the
B3LYP/6-31G(d) level of theory for reactants, products and
intermediates by rotating around all dihedral angles.
Transition state structures were optimized using the Berny
algorithm,25 where the starting geometry was based on the
corresponding minimum energy product. All minimum energy
and transition state geometries were confirmed to have 0 or 1
imaginary frequency, respectively. Single-point energy calcu-
lations at the M06-2X/6-311+G(d,p) level of theory were per-
formed to obtain electronic energies. Thermal contributions
were calculated in the quasi-harmonic oscillator approach at
the B3LYP/6-31G(d) level of theory, meaning that all frequen-
cies lower than 30 cm−1 were raised to that value, in order to
correct for the well-known breakdown of the harmonic oscil-
lator model at low frequencies. A recommended scaling factor
of 0.99, as determined by Scott and Radom26 was applied. The
standard thermodynamic formulas were used to obtain stan-
dard enthalpies, entropies and Gibbs free energies in the gas
Fig. 2 Reactions for chain growth in pulsed laser polymerization of
vinyl acetate (VAc). Reaction probabilities, ignoring termination, are
shown below the arrows for PLP at 323 K; [VAc]o = 10.4 mol L
−1; in con-
trast to acrylate radical polymerization almost no backbiting occurs with
head radicals.
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phase.27 Standard Gibbs free energies of solvation in vinyl
acetate, ΔsolvG°, were calculated using COSMO-RS28 theory as
implemented in the COSMOtherm29 software package, using
the BP86/TZVP level of theory based on the B3LYP/6-31G(d)
optimized geometries. Using classical transition state theory,27
the diﬀerences in standard Gibbs free energy between the tran-
sition state and the reactants was used to calculate rate coeﬃ-
cients at a temperature of 298 and 333 K, leading to pre-expo-
nential factors and activation energies using the Arrhenius
relation. It is known that quantum tunneling has an important
contribution to hydrogen transfer reactions30,31 such as back-
biting. This has been taken into account according to the
Eckart tunneling scheme.32 Further computational details are
given in section S2 of the ESI.†
It is important to highlight that chiral centers are created
upon each addition leading to the formation of diastereomers,
which diﬀer in chemical reactivity. In case of a head-to-head
propagation, even two chiral centers are created. This is taken
into consideration as explained in section S1 of the ESI.†
Kinetic modeling of PLP spectra
A kinetic Monte Carlo (kMC) model was constructed to simu-
late SEC traces for PLP of VAc, using the reaction scheme
described in section S6 of the ESI† and starting from the
model developments for PLP of acrylates by Marien et al.33–35
As pointed out by Nikitin et al.,36 isothermicity could be
assumed as a small sample volume (0.2 mL) and low number
of pulses (500) are targeted. Simulations were performed
under typical experimental conditions,10 i.e. a laser pulse
energy of 1.5 mJ, an initial photoinitiator (2,2-dimethoxy-2-
phenylacetophenone, DMPA) concentration of 5 mmol L−1, an
optical path length of 0.5 cm, and a sample volume of 0.2 mL.
To enable the testing of hypothesis (ii), chain length depen-
dent propagation is formally accounted for using:37,38
kp;i ¼ kp 1þ C1 exp  lnð2Þi1=2 i
  
ð3Þ
in which kp is the so-called long chain limit propagation rate
coeﬃcient, i refers to the chain length, and C1 and i1/2 are
adjustable parameters. The latter are taken from the work of
Haven et al.,39 as further explained in section S7 of the ESI.†
The simulated log-MMDs were corrected for broadening
according to:
wSECðlogMÞ
¼ 1ð2πÞ0:5σvb
ðþ1
0
exp ðlogðMÞ  logðM˜ÞÞ
2
2ðσvbÞ2
 !
wðlog M˜ÞdlogðM˜Þ
ð4Þ
where the SEC broadening parameter σvb is equal to 0.04, in
agreement with the kinetic study of Monyatsi et al.6
Furthermore, the factor β,11,12 representing the fraction of
radicals that have been terminated in between laser pulses has
been simulated in order to determine whether the PLP system
is operated toward the high (β → 1) or the low (β ≪ 1) termin-
ation rate limit (H/LTRL). More details are provided in section
S9 of the ESI.†
Results and discussion
Ab initio rate coeﬃcients
Although the propagation of macroradicals is dominated by
species which are relatively long, typically well over
100 monomer units, ab initio calculations involving these com-
pounds are computationally not feasible and so-called trun-
cated oligomer models40–46 are typically employed to calculate
the “long chain limit” propagation rate coeﬃcients. This trun-
cation is acceptable, since the chain length dependence levels
oﬀ after a limited number of monomer units.24,47 Under this
assumption, the rate coeﬃcients pertaining to the chain
growth of VAc as shown in Fig. 2 have been calculated, leading
to the pre-exponential factors, activation energies and intrinsic
rate coeﬃcients at 323 K, shown in Table 1. Reaction and acti-
vation enthalpies, entropies and Gibbs free energies, both in
gas phase and in bulk, can be found in section S3 of the ESI.†
The rate coeﬃcient of head-to-head propagation (p, hh) at
323 K is approximately 40 times lower than the one for head-
to-tail propagation (p, ht), corresponding to a formation rate
of head-to-head defects in the polymeric product of 2.7%,
which is in agreement with the upper limit of measured defect
amounts.15,48
Monyatsi et al.6 stated that this occurrence of head-to-head
propagation has a significant influence on the VAc propagation
kinetics and suggested that the formed tail radicals are rather
unreactive. Hence, in their description of PLP of VAc at 323 K,
they assumed a value for the rate coeﬃcient for tail-to-tail
propagation (p, tt) that was approximately 40 times lower than
the one for head-to-tail propagation (p, ht). The ab initio calcu-
lations presented in the current work indicate that the tail rad-
icals are only about 5 times less reactive at 323 K. Mid-chain
radicals, on the other hand, are significantly less reactive
towards propagation than the end-chain head and tail radicals,
by a factor of 35 and 7 at 323 K, respectively.
Both head and tail radicals can also undergo backbiting,
which is about 2000 times faster for the latter than for the
Table 1 Ab initio calculated pre-exponential factors (A, (L mol−1) s−1)
and activation energies (Ea, kJ mol
−1) for the elementary reactions
shown in Fig. 2 along with the value of the corresponding rate coeﬃ-
cient at 323 K (k, (L mol−1) s−1). All reported values pertain to vinyl
acetate as solvent and are determined in the temperature interval
298–333 K
Reaction A Ea k (323 K)
Head-to-tail propagation (p, ht) 1.2 × 107 20.1 6.8 × 103
Head-to-head propagation (p, hh) 4.6 × 106 27.2 1.8 × 102
Tail-to-tail propagation (p, tt) 5.4 × 106 22.5 1.2 × 103
Tail-to-head propagation (p, th) 1.6 × 107 35.5 2.9 × 101
Backbiting by head (bb, h) 4.2 × 109 58.4 1.5 × 100
Backbiting by tail (bb, t) 2.0 × 1010 42.1 3.1 × 103
Mid-chain propagation (p, m) 2.9 × 106 25.8 2.0 × 102
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former. This can be rationalized by examining the transition
state structures, as shown in Fig. 3. In case of backbiting by a
head radical, the 6-membered transition state structure is
quite twisted; for example the dihedral angle C1–C2–C3–
C4 has a very unfavorable value of 135°. In case of backbiting
by a tail radical, the C1–C2–C3–C4 angle has a value of 155°,
which is significantly closer to the ideal value of 180° (cf.
section S4 of the ESI† for the other angles). The value for tail
radicals is in line with earlier reports for head radicals in acry-
late radical polymerization.49
Simulated pulse frequency dependency of kobsp in PLP
The probability for each macroradical to undergo one of the
reactions mentioned in Table 1 can be calculated using the
values of the rate coeﬃcients, as explained in section S5 of the
ESI.† The resulting probabilities are shown below the reaction
arrows in Fig. 2 and show that backbiting by a conventional
head radical is extremely unlikely. In contrast, for the tail rad-
icals, backbiting becomes a significant side reaction (prob-
ability of 0.19 at 323 K). This a priori evaluation of reaction
probabilities and the associated mechanistic insight is only
accessible from the ab initio calculations performed in this
work.
To evaluate the various hypotheses put forward to explain
the laser pulse frequency dependency of kobsp (eqn (2)), kMC
simulations of PLP-SEC experiments have been performed for
4 diﬀerent cases using the ab initio calculated rate coeﬃcients
in Table 1 under typical PLP conditions: Case 1 considers
chain length independent head-to-tail propagation only, Case
2 assumes intrinsic chain length dependent head-to-tail propa-
gation, Case 3 takes intrinsic chain length dependent head-to-
tail, head-to-head, tail-to-tail, and tail-to-head propagation
into account, while Case 4 is the same as Case 3 with the
additional consideration of backbiting by head and tail rad-
icals, and mid-chain propagation. The simulated radical log-
MMDs and PLP-SEC traces at 323 K under typical PLP con-
ditions at pulse frequencies ν = 25 s−1, 100 s−1, 500 s−1 and
1000 s−1 are shown in Fig. 4. As explained previously, the
PLP-SEC traces are obtained by applying an a posteriori line
broadening (eqn (4)) to the simulated log-MMDs of the ‘dead’
polymer species P. This a posteriori line broadening has not
been applied to the (theoretical) radical log-MMDs shown in
Fig. 4.
From Fig. 4(a and b) it can be concluded that chain length
dependent propagation is most important at higher frequen-
cies (>500 s−1), which can be explained by the lower polymer
chain lengths formed at these higher frequencies and the
leveling oﬀ of the chain length dependence after a limited
number of monomer units.37–39 The eﬀect of head-to-head
propagation in the absence (Case 3) and the presence of back-
biting (Case 4) can be evaluated based on Fig. 4(c and d). It is
clear that the shift to lower molar masses and the broadening
eﬀect of head-to-head propagation (lower peak heights) is
much larger in case the tail radical can undergo backbiting, an
eﬀect that is more pronounced at lower frequencies. For a reac-
tion temperature of 323 K and up to a frequency of 1000 s−1,
the simulated laser pulse frequency dependency of kobsp deter-
mined from the first inflection point (eqn (2)) for each of these
cases is shown in Fig. 5.
As highlighted by Beuermann et al.12 and Drawe and
Buback,11 an important consideration that has to be made
upon processing PLP-SEC data for kobsp determination is
whether a small (β ≪ 1) or high (β → 1) fraction of the macro-
radicals terminates during a dark period. This has been evalu-
ated in silico by formally considering Case 1 in Fig. 5. As illus-
trated in Fig. S13 in the ESI† for a pulse frequency ν = 100 s−1,
β varies from 0.98 at the start of the PLP experiment to 0.97
towards the end of the PLP experiment and, hence the system
is in the HTRL in agreement with the conjecture of
Hutchinson et al.8 At a pulse frequency of 500 s−1, the value of
β remains rather high (β = 0.95 at the start and 0.92 at the end
of the PLP experiment, see Fig. S14 in the ESI†) which means
there is only a limited shift away from the HTRL when increas-
ing the pulse frequency, explaining the absence of a frequency
dependence of kobsp in Case 1 (see orange diamonds in Fig. 5).
Therefore, a shift away from the HTRL (hypothesis (i)) does
not provide an adequate explanation for the experimentally
observed pulse frequency dependency of kobsp as determined
from the first inflection point upon going from lower (25–100
s−1) to higher (300–500 s−1) pulse frequencies.10
Since VAc PLP leans towards the HTRL for the considered
frequencies, it should be tested whether the location of the
first inflection point yields an accurate measure for kobsp , as the
location of the peak maximum can be more accurate under
such conditions.14 As shown in Fig. S15 of the ESI,† the use of
the location of the inflection point results in an underestima-
tion of ca. 10% for all pulse frequencies, while the use of the
location of the peak maximum is more accurate. It should be
noted that the preference of using the location of the inflec-
tion point or peak maximum is also aﬀected by the degree of
SEC broadening. As illustrated in Fig. S18 in the ESI,† the pre-
ference of using the location of the peak maximum is even
more pronounced for a higher degree of SEC broadening. In
the present work, the interpretation of the diﬀerent cases and
subsequent evaluation of the diﬀerent hypotheses can however
be reliably done based on these inflection point data, as the
Fig. 3 Transition state structure for backbiting by a head radical (left)
and a tail radical (right). Only the most contributing diastereomers are
shown (cf. section S4 of the ESI†). Backbiting by a tail radical is about
2000 times faster than by a head radical at 323 K.
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error induced falls within the expected experimental uncer-
tainty of at least 10%.10,13,50 In addition, the same trends are
obtained if the location of the peak maximum is used instead
of the location of the inflection point, as shown in Fig. S19 in
the ESI.†
For Case 2 in Fig. 5 (blue squares), in which chain length
dependency for head-to-tail propagation is formally taken into
account (see section S7 in the ESI†), the value of kobsp for laser
pulse frequencies above 500 s−1 shows significant deviations
from Case 1, where chain length dependency was not taken
into account. However, kobsp determined at 100 s
−1 is only 2%
lower than kobsp determined at 500 s
−1, which is significantly
lower than the experimentally observed 15%.10 Hence, hypoth-
esis (ii) is only relevant to a limited extent.
A similar interpretation can be made for Case 3 in Fig. 5
(red circles), in which also head-to-head, tail-to-tail, and tail-
to-head chain length dependent propagation are included
(hypothesis iii). As discussed earlier, the ab initio results show
that the increased stability of the tail radicals is relatively
limited and, hence, also the decrease of kobsp upon decreasing
the laser pulse frequency from 500 to 100 s−1 is limited to less
than 3%. On the other hand, with respect to Case 1 and 2, a
clear shift of kobsp toward lower values is obtained, highlighting
the mechanistic relevance of head-to-head propagation in
agreement with earlier reports.6
If also backbiting and propagation of mid-chain radicals
are included, as in Case 4 in Fig. 5 (green triangles), a much
more significant eﬀect is observed, leading to a decrease in
kobsp of approximately 15% upon decreasing the laser pulse fre-
quency from 500 to 100 s−1, corresponding very well with the
experimentally observed decrease.10 Only backbiting of tail
radicals is contributing here, since considering a case in
which backbiting of the head radical is not included does not
show any diﬀerence (section S8 of the ESI†).
The concentrations and molar fractions of the diﬀerent
macroradical types as a function of time in Case 4 are shown
for a pulse frequency of 25, 100, 500 and 1000 s−1 in section
S18 of the ESI.† For a pulse frequency of 25 s−1, the concen-
tration of head, tail and mid-chain macroradicals averaged
over the first five dark periods is equal to 2.5 × 10−7, 2.9 × 10−8
Fig. 4 Radical log-MMDs (left; without a correction for SEC broadening) and PLP-SEC traces (right; with a correction for SEC broadening; σvb =
0.04) simulated using the ab initio rate coeﬃcients in Table 1 and the reaction scheme in section S6 of the ESI† for various pulse frequencies. Case
1: chain length independent head-to-tail propagation, Case 2: chain length dependent head-to-tail propagation, Case 3: chain length dependent
head-to-tail, head-to-head, tail-to-tail, and tail-to-head propagation and Case 4: Case 3 with additionally backbiting by head and tail radicals, and
mid-chain propagation. T = 323 K, [VAc]o = 10.4 mol L
−1, [DMPA]0 = 5 × 10
−3 mol L−1, Epulse = 1.5 mJ, λ = 351 nm, Npulse = 500, V = 0.2 mL, L =
0.5 cm.
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and 4.3 × 10−8 mol L−1, respectively, corresponding to a frac-
tion of 0.77, 0.09 and 0.14. These radical concentrations are in
line with the ones obtained via simulation under the con-
ditions considered in the EPR study of Kattner and Buback,9
as shown in section S19 of the ESI.† It should be noted that in
the experimental EPR spectrum of Kattner and Buback9 no
spectral features could be assigned to MCRs. This in contrast
to EPR for acrylates, in which head radicals are directly con-
verted into detectable MCRs. In VAc radical polymerization,
MCRs are however only formed via backbiting of tail radicals
resulting from head-to-head propagation, leading to overlap of
the spectral features of head, tail and mid-chain radicals in
the EPR spectrum. In combination with the low concentration
of tail and mid-chain radicals, the identification of these
species in the EPR spectrum is thus significantly more compli-
cated and, hence, their lack of identification in EPR does not
necessarily imply that these species are absent during PLP.
A comparison between simulated data obtained with Case 4
(ab initio rate coeﬃcients) and experimental data reported in
the IUPAC benchmark paper10 is made in Fig. S22 of the ESI.†
Although a slight underestimation of the experimental data is
observed, a good description of the relative trend of kobsp with
pulse frequency is obtained. For completeness, the frequency
dependence of kobsp for Case 4 with a head-to-head propagation
rate coeﬃcient formally reduced by a factor 2 is shown in
section S12 of the ESI.† A less pronounced yet still significant
decrease of kobsp with decreasing pulse frequency is observed.
A decrease of ca. 10% instead of 15% results from 500 to 100 s−1.
The combination of head-to-head propagation (hypothesis
iii) and backbiting (hypothesis iv) of the formed tail radicals,
leading to more stabilized tertiary mid-chain radicals, is thus
the main contributor to the observed laser pulse frequency
dependency of kobsp at 323 K.
10 Since the activation energy for
backbiting is significantly higher than for propagation (42
kJ mol−1 vs. 20 kJ mol−1), the frequency dependency of kobsp is
also less pronounced at lower temperatures, as shown in sec-
tions S15 and S16 of the ESI† and in agreement with experi-
mental observations.10
The interplay of propagation and backbiting reactions in
VAc polymerization can also be formally characterized by
defining an average propagation rate coeﬃcient, <kp>, based
on the polymerization rate and applying the pseudo steady
state approximation (PSSA). To assess the eﬀect of head-to-
head propagation on the propagation kinetics of VAc, Monyatsi
et al.6 presented a PSSA based analytical expression for <kp>
that enables to capture the eﬀect of head-to-head propagation
and the resulting tail radicals at low laser pulse frequencies.
Taking into account that next to head-to-head propagation,
backbiting of the tail radicals also influences the propagation
kinetics, this analytical expression has been extended (see
section S13 in the ESI†) to assess the eﬀect of both head-to-
head propagation and backbiting on the propagation kinetics
of VAc:
hkpi ¼
khtp k
tt
p þ 2khhp kttp þ khhp kthp þ
ktbb
½M ðk
ht
p þ 2khhp Þ
ðkhhp þ kttp Þ þ
ktbb
½M 1þ
khhp
kmp
 ! ð5Þ
with [M] equal to [M]0 in low conversion PLP experiments. As
illustrated in Fig. 6, theoretically, a good agreement between
kobsp and <kp> is observed at very low laser pulse frequencies
(≤25 s−1 at 323 K) in case the location of the peak maximum
(unfilled symbols) is used in eqn (2), while for these pulse fre-
quencies kobsp is ca. 10% lower than <kp> if the location of the
inflection point (filled symbols) is considered. At laser pulse
frequencies above 500 s−1, the mismatch between kobsp and
<kp> indicates that the PSSA is invalid, in agreement with mod-
Fig. 5 Frequency dependence of the observed propagation rate coeﬃ-
cients kobsp , see eqn (2) with L1 based on the ﬁrst inﬂection point of the
PLP-SEC traces simulated using the ab initio rate coeﬃcients in Table 1
and the reaction scheme in section S6 of the ESI.† Case 1 ( ): chain
length independent head-to-tail propagation, Case 2 ( ): chain length
dependent head-to-tail propagation, Case 3 ( ): chain length dependent
head-to-tail, head-to-head, tail-to-tail, and tail-to-head propagation,
and Case 4 ( ): Case 3 with additionally backbiting by head and tail rad-
icals, and mid-chain propagation. A corresponding ﬁgure where kobsp is
based on peak maxima instead of inﬂection points is shown in Fig. S19
of the ESI.† T = 323 K, [VAc]o = 10.4 mol L
−1, [DMPA]0 = 5 × 10
−3 mol L−1,
Epulse = 1.5 mJ, λ = 351 nm, Npulse = 500, V = 0.2 mL, L = 0.5 cm.
Fig. 6 Theoretical comparison of <kp> (eqn (5); full line) and kobsp (eqn
(2) using the location of the inﬂection points (ﬁlled symbols) and the
location of the peak maxima (unﬁlled symbols)) for Case 4 (full kinetic
model); the corresponding ﬁgure for Case 3 is shown in Fig. S21 of the
ESI;† T = 323 K, [VAc]o = 10.4 mol L
−1, [DMPA]0 = 5 × 10
−3 mol L−1, Epulse
= 1.5 mJ, λ = 351 nm, Npulse = 500, V = 0.2 mL, L = 0.5 cm.
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eling results on acrylate PLP.34 Hence, for PLP of VAc, eqn (5)
can be used to assess both the eﬀect of head-to-head propa-
gation and backbiting on the VAc propagation kinetics, pro-
vided that the laser pulse frequencies are maintained
suﬃciently low. Such conditions although lead to less struc-
tured SEC traces with no possibility to perform a consistency
check (L2 ≈ 2L1), as recommended by IUPAC.51
Conclusions
The experimentally reported laser pulse frequency dependency
of kobsp in PLP-SEC of VAc is explained by a unique combination
of ab initio calculations and kinetic Monte Carlo simulations.
It is shown to be caused primarily by the formation of stabil-
ized mid-chain radicals via backbiting of tail radicals, which
are in turn formed by head-to-head propagation.
The tail radicals by themselves are not suﬃciently unreac-
tive towards propagation to fully explain the experimentally
observed pulse frequency dependence. The eﬀect of intrinsic
chain length dependent propagation remains limited at low
pulse frequencies but cannot be ignored at frequencies above
500 s−1.
Furthermore, PLP of VAc under typical experimental con-
ditions is conducted near the high termination rate limit.
Under these conditions the in silico simulations indicate that
the location of the peak maximum for the determination of
kobsp is more suited, although inflection point data only give a
deviation within the expected experimental error.
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